The flow structure over vegetation in ecological channel is rather complex and the resistance caused by vegetation is affected by many factors, such as discharge, flow depth, vegetation density and patch arrangement types, etc. In order to simplify vegetation characteristics, the rigid cylindrical sticks arranged in the open channel were used to simulate the stems of non-submerged vegetation. The volume of the vortex structure near the vegetation patch can be determined through velocity distribution in vegetated channel and the velocity distribution is measured by Acoustic Doppler Velocity meter. A new formula of equivalent roughness based on the vortex volume near the vegetation patch has been proposed and the form drag can be further determined by the new equivalent roughness. Based on theoretical analysis and experimental results, it shows the vortex volume plays an important role on flow resistance caused by vegetation. The theoretical and experimental results on form drag achieve a good agreement on various experimental conditions. The relation between the relative roughness and relative vortex length was also derived and verified by different experimental conductions. For the dependence of relative roughness on vegetation density, the empirical formula between relative roughness and vegetation density was further proposed and analyzed.
I. INTRODUCTION
Currently, the focus of hydraulic engineering is moving from functional hydraulics to ecological hydraulics considering the protection of water environment. Aquatic plant is an important part of ecological channel, which plays a vital function both on water environment and ecological restoration [1] . The contaminants and nutrient concentrations are reduced through physical, chemical and biological mechanisms by aquatic plant [2] , [3] . So a lot of efforts are currently made for the re-naturalization and rehabilitation of watersheds. However, the conservancy workers also noticed the threat The associate editor coordinating the review of this article and approving it for publication was Ravibabu Mulaveesala. from resistance caused by aquatic plant to river during the flood season. Generally, the increased resistance caused by aquatic plant to the flow results in a decrease in mean velocity, increase in water levels and longer retention times [4] , [5] . Therefore, it is of great significance to study the hydraulic characteristics of those vegetated open channels, especially for the resistance caused by vegetation.
In fact, the vegetation in the open channel is kind of roughness and there is a close relationship between the equivalent roughness k s and the form of roughness. In Nikurade's experiments [6] , uniform sediment was used as roughness and the experimental results show k s equals to median sediment diameter d. However, the Schliching's experiments [7] show when the sphere is used to roughen the pipe tightly, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the experimental condition is still from Nikuradse's, but k s = 0.627d and the d is the diameter of sphere. When the spherical segment is used to roughen the surface of pipe in packed tightly condition, the result is k s = 1.404k (Schliching, 1936) and k is the height of roughness. Wooding et al. [8] conducted a serious of detailed experiments to describe the relation that k s varies with roughness density λ, and meanwhile the concept of k s , D (pipe diameter) and δ(boundary layer thickness) was introduced by Raupach et al. [9] , who indicated that k s = 0.02δ. Based on research by previous research scholars, it shows different types of roughness correspond different the equivalent roughness expressions. Many useful experiments have been done to explore the form drag expression by equivalent roughness in vegetated open channel but there is still no a general expression to define it [10] - [12] . The purpose of these experiments is to establish the relation among the form drag, friction factor, mean velocity, Reynolds Number and the hydraulic radius [13] . However, the expression of form drag based on these variables is usually limited by experimental conditions. Actually, equivalent roughness is a very effective method to determine the vegetation resistance to flow [14] , [15] . Park et al. [16] created an equivalent roughness estimation model and built up the relation between equivalent roughness and flow friction factor f , roughness coefficient n. They are all important parameters which related with the sectional shape and geometry size of the channel. Huthoff [17] indicated the equivalent roughness is closely related with the flow separation zone near the roughness. However, the relationship between equivalent roughness and form drag is still not established from Huthoff's results and the decisive factor affecting the equivalent roughness is still unclear [18] . The flow velocity distribution law of vegetated open channel is an important mean to study the characteristics of vegetation resistance. Meanwhile, based on the velocity distribution characteristics, some other characteristics of vegetated open channel flow, such as turbulent kinetic energy, Reynolds stress, etc., can also be analyzed. Many scholars [19] , [20] have obtained some important results by studying the distribution law of the flow velocity of vegetated open channel. Due to the fact that the vegetation resistance to the flow is determined by the velocity distribution so the researches tried to study the relationship between the flow velocity distribution and the equivalent roughness [21] . Most of the existing methods about the equivalent roughness is not directly defined but estimated from other parameters. Thus, some additional uncertainties from these parameters may exist in the theoretical formulation to calculate equivalent roughness.
The main objective of this paper is to build up the potential relationship between the equivalent roughness of vegetated channel and the vortex structure near the vegetation patch. Meanwhile the new expression of equivalent roughness can be used to determine the form drag in a wide range of vegetated channel flow with complex roughness forms. This innovative approach will be verified by various experimental conditions by changing the vegetation density, vegetation patch spacing and discharges in uniform flow. To further analyze the relationship between roughness and vortex structure, deep analysis and conversion of the equivalent roughness expression has been done and the relation between the equivalent roughness k s /k and relative vortex length l 1 /l 2 is derived and verified through different experiments by dimensionless processing. Meanwhile, it is necessary to build up the empirical formula between k s /k and relative vegetation density λ, which may provide the guidance for ecological hydraulic engineering.
II. THEORETICAL METHODS
For vegetated open channel, the skin friction from channel bed and side wall can be seen as the inherent resistance of the open channel and the form drag can be viewed as the additional resistance to channel flow. Nikuradse's experiments indicate that the friction factor is independent of Reynolds number when the Reynolds number is high enough. But Perry et al. [22] analyzed various experimental data and indicated this may not apply for flow with ribs or grooves, in which the friction factor is always influenced by the Reynolds number. Different from the resistance form of smooth open channel, actually the resistance of vegetated open channel includes two parts, i.e., skin friction and form drag [23] . By analyzing the results of different experimental conditions from the previous studies, the form drag accounts for the main part of total resistance comparing to skin fraction from the channel bed [24] . An accurate calculation of form drag plays an important role for the channel design and optimization. Therefore, this paper only studies the resistance characteristics of vegetation to flow in open channels.
In this paper, all the experiments are conducted in uniform flow. The energy slope equals to the channel slope and the channel slope is measured by the Level instrument. The form drag F D can be written as Eq. (1) [25] :
where F D = form drag, τ e = average shear stress caused by form drag,A e = the area covered by eddies.A e = dl 1 , d = the diameter of the sticks, l 1 = the length of vortex near the vegetation in the mainstream direction. Essentially, the rigid vegetation in open channels is a kind of roughness. Considering the complex parameters of vegetation, so the vegetation is simplified as a kind of roughness to study its resistance characteristics to flow. Meanwhile, this paper assumes the resistance expression for pipe flow is also applicable to open channels, and the conclusion will be verified by a large number of experiments. Scholars have also done similar research based on this hypothesis [26] . Nikuradse [27] found that the friction factor f depends on the Reynolds number and friction velocity as:
where u * = friction velocity, U = the average velocity. The Eq. (2) has been proposed for calculating the roughed pipe for many years and it was verified by many roughness types, such as semicircle, square column, etc. However, researchers have found that for different forms of roughness, the friction flow velocity is difficult to determine.
So an empirical equation of friction factor f for the rough region by Hinze [28] can be expressed as Eq. (3):
where k s = equivalent roughness, h = the flow depth. In fact, the Eq. (2) and Eq. (3) are both for the calculation of the friction factor for roughed wall. In Eq. (3), for a fixed flow depth, the equivalent roughness is the only variable in the equation. So it is a very effective formula for calculating the friction factor. Meanwhile, the expression of the shear force from Nikuradse [27] can be expressed as
where u * = √ gRi, u * is the friction velocity in vegetated channel, g = gravitational acceleration, R is the hydraulic radius,.i = energy slope = the channel slope.
The slope of the entire channel is measured multiple times through the level and then averaged. In order to be able to reduce the experimental variables, all the working conditions in this paper are carried out under a fixed slope. As mentioned above, vegetation can be seen as a special form of roughness. Inserting Eq. (2) and (3) into (4), the average shear force caused by vegetation can be further written as:
In Eq. (5), the equivalent roughness k s is the key factor but much complicated because the k s is influenced by many factors as mentioned above. Actually, the vortex structure near the vegetation is closely related with the form drag and energy loss caused by vegetation but the relationship between them
has not yet been established. Yang et al. [26] realized that the VOLUME 7, 2019 FIGURE 2. The schematic diagram of the entire experimental equipment.
dead zone behind roughness plays an important role for the energy dissipation. Because the dead zones are induced by the roughness elements, and the eddy size is closely related to the size of roughness, thus Nikuradse [6] can use the heights of roughness to represent the friction factor or energy dissipation rate. Alternatively, the relation between equivalent roughness and vortex volume can be analyzed to infer an alternative expression for the equivalent roughness k s as follows:
where V e = the volume of vortex near the rigid vegetation, 
where k s = the equivalent roughness, k = the actual height of vegetation in flow, n = the number of sticks in measuring zone.
For the fixed vegetation patch spacing, the k s /k and l 1 /l 2 are the only two variables in Eq. (7). The Eq. (7) is obtained by theoretical derivation and dimensionless processing. Actually, the relation between k s /k and l 1 /l 2 has no clear physical meaning. Therefore, it is necessary to further verify the accuracy of the formula through experiments.
In the study of the resistance characteristics of vegetated open channels, the change of the vegetation patch spacing or the number of patches is essentially a change in vegetation density. From the perspective of engineering construction, vegetation density is also a controllable variable and it can be used as one criterion to construct the ecological channel. Until the current research, there is no connection between the equivalent roughness and vegetation density in vegetated open channels. Therefore, based on experimental analysis, this paper proposed an empirical formula between equivalent roughness and relative vegetation density.
III. EXPERIMENTAL SETUP
Normally, whether it is a natural river or an artificially constructed ecological open channel, the aquatic plant exists in patch rather than uniform distribution [29] . In order to study the experimental conductions closer to the true situation, we conducted the corresponding experiments to study the resistance characteristics of patch vegetation to flow. In this paper, the laboratory experiments were conducted at the Fluid Mechanics Laboratory of the China Agricultural University and the glass open channel is 6.3 m long, 0.8 m wide and 0.6 m deep. The entire experimental equipment consists of head tank, tail tank, glass open channel and a circular pipe system. The head tank is aligned centrally and symmetrical to the center line of the channel to keep the flow as uniform as possible. A schematic diagram of the entire experimental equipment is shown in Fig.2 . By adjusting the flow depth with the tailgate and the discharge with electromagnetic flow meter, various experimental conditions can be obtained under uniform flow conditions. A variety of complex experimental conditions have been carried out as shown in Table 1 and  Table 2 . Different experimental conditions were conducted to verify the accuracy of theoretical equations and to explore other hydraulic characteristics in the vegetated open channel.
Another variable in this paper is the arrangement of patch vegetation. A plastic board is installed at the bottom of the channel and the acrylic sticks (d, 0.005 m) are inserted into the board. The different experimental conditions were conducted by adjusting the discharge Q, the flow depth h, the vegetation density λ, the spacing between patches l 2 and the numbers of vegetation patch rows. For the sake of simplicity, only two types of the vegetation arrangement were shown in this paper. The Fig. 3 and Fig.4 show one row and three rows sticks act as one patch respectively and the spacing between two patches is 0.3 m.
In general, the form drag cannot be accurately obtained by theoretical analysis and numerical simulation considering the complex flow structure in vegetated open channel. So a load cell was designed to measure the form drag caused by sticks directly. The method of measuring form drag by load cell has been used by previous scholars for several years and it is an effective method and verified by many researchers. Kothyari et al. [30] and Zhao et al. [31] designed a similar device to measure form drag directly, and the good results had been obtained. The overall structure of the load cell is shown in Fig. 5 . The x is the flow direction and y is the width direction of channel bed. The load cell is located at the middle part of the experimental section. The working principle of load cell has been detailed in the Liu et al. [32] . As shown in Fig.5 , only the vegetation sticks interacts with flow and the experimental board (it can be viewed as ''channel bed'') is not 'submerged in flow so the skin friction does not act on the load cell. According to the review, the value from the load cell is only the form drag instead of total drag. However, the researchers also indicate that the resistance caused by the side wall and the bottom of the channel is very small comparing to the form drag. In this paper, the form drag from load cell and the total resistance are approximately equal. So the form drag value obtained by the load can be used as an effective verification for the theoretical value.
IV. RESULTS AND DISCUSSION

A. DETERMINATION OF THE LONGITUDINAL SCALE OF THE VORTEX STRUCTURE
Although there is still no general method for defining vortex structures for many years, the velocity distribution characteristics is still the most intuitive and effective variable for studying the characteristics of vortex structures. An important work of this paper is to determine the vortex volume caused by the vegetation patch based on flow velocity distribution. Since there are many experimental conditions involved in this paper and they have been shown in detail in Tables 1 and 2 , a representative working condition is selected for analyzing the velocity distribution characteristic and other experimental conditions have similar results. The Fig.6 gives the distribution of the longitudinal measurement point locations and the average velocity of each location was measured by Acoustic Doppler Velocity meter (ADV). The x is the flow direction and y is the flow depth direction of channel. The working principle has been explained in detail by Liu et al's study [32] . The Fig.7 shows longitudinal average flow velocity and the experimental condition is the Q = 100m 3 /h and one-row sticks act as one vegetation patch. The spacing between two patches is 0.3m and the vegetation patch located at the x/d = 0 (x is the distance from the measuring point to vegetation patch, d is diameter of sticks). The variable y represents the distance from the measuring point to the bottom of the channel, and h represents the water depth. The Abscissa coordinate represents the relative measuring point location and vertical coordinate is the relative velocity by dimensionless processing. Using the measured data, the distribution of the longitudinal average flow velocity u at different water depths is analyzed. The Fig.7 shows the adjustment length l' 1 of flow velocity before the vegetation patch and recovery length behind the vegetation patch l'' 1 . By experimental analysis, actually the longitudinal scale of the vortex structure is l 1 = l' 1 + l'' 1 . In order to better express the longitudinal distance required for the flow structure to stabilize after the water flows through the vegetation patch, Chen et al. [33] came up with the expression ∂(u x /u o )/∂(x/h) to indicate recovery rate of the flow velocity as the longitudinal distance increases. For the condition in Fig.7 , it shows that the longitudinal flow rate begins to decrease gradually at the location x/d=-8 and the average flow rate starts to increase at x/d>0 behind the vegetation patch. The u and u 0 represent the Instantaneous flow rate and average flow rate respectively. The velocity begins to stabilize after x/d =24 and the flow velocity recovery rate ∂(u x /u o )/∂(x/h) which is a new definition in my paper is just reduced to ∂(u x /u o )/∂(x/h) <0.1.When the water flows through the vegetation, it needs a certain length to get rid of the effects of vegetation. The certain length is defined as vortex length and when the longitudinal flow velocity u x meets requirement that ∂(u x /u 0 )/∂(x/h) <0.1,the vertical distance x (vortex length) is determined. u 0 is the average and h is the flow depth. Based on the longitudinal scale of the vortex structure l 1 , the volume of the vortex structure can be further determined. The form drag F D can be calculated by Eq. (1) further. 
B. VERIFIED F D FROM EXPERIMENTS THROUGH LOAD CELL
In this paper, the calculated results of form drag F D based on equivalent roughness were verified by directly measured values from load cell. A comparison of the form drag results obtained by two methods is shown in Fig. 8 . To calculate F D , the first step is to determine the average shear stress τ e caused by form drag due to flow separation behind vegetation. The proposed method of calculation for τ e is based on the newly defined equivalent roughness k s from Eq. (5). It is clear that the k s is determined by the volume of vortex near the vegetation and the volume of vortex V e is calculated by analyzing the velocity distribution near the vegetation patch. So the form drag can be further calculated by Eq. (1) . Meanwhile, the form drag from load cell can be obtained directly from the experiments.
The Fig.8 shows the comparison between the calculated and measured results. It shows a trend of scattered distribution of experimental results. Nearly 98% of the experimental points fall within 10% of the error line, which indicates that the form drag values calculated by the theoretical methods and measured by load cell show a good agreement. A large number of experimental data still proves the accuracy of Eq. (1). As illustrated above, the form drag is closely related to the volume of vortex because of the introduction of the parameter k s in Eq. (6) . Therefore, an accurate measurement of vortex volume near the vegetation is of crucial importance for the determination of k s . 
C. THE VERIFICATION OF THE RELATION BETWEEN THE EQUIVALENT ROUGHNESS
Schilichting [7] indicated that when the sticks were packed tightly, the relative roughness k s /k equals to a constant value. Although the expression of k s was established, the physical meaning and the universality of the equation have not given a good explanation. Thus, the equivalent roughness k s is the key factor in the determination of form drag. It is necessary to establish and verify the relationship between k s /k and the characteristics of the vortex structure behind the vegetation patch. Firstly, the relation between k s /k and l 1 /l 2 was preliminarily derived from Eq. (9) by dimensionless processing. The vegetation resistance forms are divided as the K-type (l 1 < l 2 ) and D-type (l 1 > l 2 ) according to the relative size of l 1 and l 2 . The concept of ''K-type and D-type'' is presented for different vegetation arrangements proposed in this paper. The comparison between theoretical and experimental values is shown in Fig. 9 .
The Eq. (7) only gives the condition K-type (l 1 < l 2 ), which means that the vortex structure behind the vegetation can be fully developed. For different roughness forms, the expression between relative roughness and relative vortex length needs to be slightly corrected. Fig.9 indicates the good agreement between the theoretical and experimental values at the experimental conditions of K-type. We next analyze the relationship between the l 1 /l 2 and k s /k. Firstly, the theoretical relationship between the l 1 /l 2 and k s /kderived based on the newly defined equivalent roughness expression. Although there is no special physical meaning between the l 1 /l 2 and k s /k, the relationship between the two has been verified experimentally as shown in Fig.9 . It also provides a relatively simple method of calculating the roughness of open channel vegetation. The k s /k can be calculated by determining the longitudinal length of the vortex structure near the vegetation. However, this equation applies only to the condition of K-type (l 1 < l 2 ). There is no theoretical expression and enough experimental values to study the D-type (l 1 > l 2 ) until now. So, it is necessary to study the D-type further, which may provide a systematic theoretical support for the design of ecological channels. 
D. THE DISCUSSION BETWEEN THE RELATIVE ROUGHNESS KS/K AND RELATIVE VEGETATION DENSITY
Due to the complex characteristic of vegetation in an open channel, many researchers used relative roughness as an important parameter to study the vegetation resistance. Camenen et al. [34] proposed equations to describe the equivalent roughness height for plane bed conditions based on the Shields parameter. However, the roughness estimation is not always reliable since it is affected by many factors such as the vegetation types, density and the flow depth. So, it is difficult to build the equation between roughness and those factors. Among these factors, the vegetation density is the most vital property of vegetation and it can be controlled reasonably for the newly built ecological open channel. By establishing the relation between k s /k and λ, the vegetation density λ in the open channel can be can be converted into a function of the roughness in vegetated open channel. It can provide theoretical support for the design of vegetated channels. Under different experimental conditions, the variation of relative roughness k s /k with λ is shown in Fig. 10 . The k s can be calculated by Eq. (6) and k equals to the flow depth for the non-submerged.
It is generally thought that the equivalent roughness increases with an increase in the vegetation density. However, k s is closely related to the volume of vortex and when the roughness packed tightly, the latter vegetation usually limits the development of the wake structure of former. As shown in Fig. 10 , the relative roughness, k s /k firstly increases obviously with an increase in λ and then increases slowly with a further increase in λ. As mentioned before, the vegetation resistance is closely related to the volume of vortex near the vegetation patch. Thus, on one hand, an increase in the relative roughness can increase more the volume of vortex. On the other hand, the excessive vegetation density can affect the developing of vortex near the vegetation patch. Therefore, VOLUME 7, 2019 the equivalent roughness, k s /k does not increase with the relative density λ of vegetation in linear law. Actually, the vegetation resistance and submerged depth of vegetation are closely linked, which is different from previous research. The λ should include all the part of liquid/ cylinders contact area which is redefined as:
where A p = bed area covering the array of circular cylinders. n = the number of vegetation sticks on the experimental section, d = the diameter of sticks, h = the flow depth. When the vegetation density is too large or the several rows sticks as a vegetation patch, the empirical formula is no longer appropriate again. Therefore, for experimental condition A, the spacing between the patches is small, which is only 0.06m, and the flow structure behind the upstream patch cannot be fully developed under the action of the downstream patch. For working condition D, although the spacing between the two patches is large, due to the threerow vegetation as a patch, the flow structure inside the patch is very complicated and the interaction is obvious. Therefore, Fig.10 only analyzes the two experimental conditions of B and C and the empirical formula was established. The relationship between relative roughness and relative density can be expressed as a fitting formula:
Through calculation and analysis, the relative error between the fitting formula and experimental values from Eq. (9) is only 8.5%. So the equivalent roughness in vegetated open channels can be calculated by relative density of vegetation, which provides some vital guidance for the construction of hydraulic engineering. The relation between equivalent roughness k s /k and the relative density, λ has also been observed from open channel flows by various researchers. It has been found that the flow resistance reaches its maximum value when the wake from one roughness just reaches the upstream edge of the next downstream element. Fig. 10 indicates that for a dense roughness distribution over a surface, the equivalent roughness is no longer proportional to λ. Firstly, the relative roughness increases rapidly with the relative density, and then as the relative density increases, the relative roughness changes gradually. Schlichting [33] used hemisphere to rough the channel bed and studied the relation between the measured k s /k and the roughness density, λ. The obtained results indicate a similar relation between them, but when the relative density, λ = 0.12, the equivalent toughness k s /k reaches the maximum value and then shows a decrease trend. The Fig.10 only shows the type of cylinder roughness, for other types of roughness, it is necessary to determine a similar relationship between k s /k and λ or to study how the shape of the roughness affects the relation between them. At the same time, the research in this paper has high practical application value. First of all, the results obtained in this paper are processed in a dimensionless method. In practical applications, they can be converted to practical engineering applications according to similar scales. Secondly, this paper establishes the relationship between the relative vegetation density and the relative roughness, which can be easily obtained, so that the relationship between vegetation density and form drag can be further established. Therefore, the resistance characteristics of the vegetation to the flow in open channels can be better obtained.
V. CONCLUSIONS
In this paper, a laboratory study was conducted on the flow resistance caused by vegetation in a rectangular open channel. The mechanical properties of form drag were studied by theoretical analysis and experimental verification. The followings are main findings of this paper.
( For the dependence k s /k on λ, the k s /k increases at first and then shows a stable trend with a continuous increase in the vegetation density and the empirical formula between them is built up based on experimental results.
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